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A seard for the Higgspboson is preserted in H! WW ! had decays in pp collisions at a
certer-of-mass energy of ~ s = 1:96 TeV. Final states containing hadronically decaying tau as
well as + e events where an e is misreconstructed as have been considered. In order to stay
orthogonal in the analysis at hand a veto on events selectedby the correspondingH ! WW | e

analysis is applied. The data, corresponding to an integrated luminosity of about 1000 pb !,
has beencollected from April 2002to November 2005 using the Run Il D0 detector. No signicant
excessabove the Standard Model background has beenobserved, and limits on the crosssection for

my = 120, 140,160 and 180 GeV have beenset.
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. INTR ODUCTION

In this nlgte a seard for the Higgs bosondecaying into the WW nal state with the DO detector at the Tevatron
collider at " $= 1:96 TeV at Fermilab is preseried. Leptonic decay modesH ! WW |+ [ P9 are considered,
leading to nal states with one muon, a jet originating from a hadronically deca/ing tau and missing transverse
momertum. Additionally H! WW ! e+ ewens with the e misreconstructedas have beentaken into accourt
provided this everts have not beenselectedby the H ! WW ! e+ analysis. The H! WW ! ™ decy
mode provides the largest sensitivity for the Standard Model Higgs boson seard at the Tevatron with a mass of
my 160 GeV [1{3]. Additionally the Higgs bosonmassesmy 120, 140and 180 GeV have beenanalyzed. The
presert analysistaking advantage of the + paq nal state is complemerary tothe H'! WW | V' %=g; )
analysis preserted in [4]

When combined with seardes exploiting the WH and ZH assaiated production, this decay mode increasesthe
sensitivity for Higgs bosonseardes.

I. DATA AND MC SAMPLES

The data sampleusedin this analysishasbeencollectedbetweenApril 2002and November 2005by the DO detector
at the Fermilab Tevatron Collider. The NNLO Z= ! crosssectionhasbeenscaledto the data in the massregion
35GeV< M < 75GeV. Applying this normalization leadsto a total luminosity trigger e ciency of 1000pb ! .
DATA to Monte Carlod (MC) muon correction factors have beenapplied to MC before normalization to Z= ! .
The systematic uncertainties on the normalization factor include the Z= ! |l crosssection, the PDF uncertainty
and the statistical uncertainty on the data/Mon te Carlo normalization factor. As the MC is normalized to data,
luminosity blocks marked bad by the luminosity system are retained. To maximize the sensitivity an OR of all
available triggers has beenapplied.

Signal and Standard Model badkground processesave beengeneratedwith the Pythia 6.319[5] Monte Carlo (MC)

generator using the CTEQ6L1 parton distribution functions and subsequeh useof Geant which provides a detailed
simulation of the detector geometry MC events are then processedurther with the samereconstruction software as
used for data. All badkground processesapart from QCD multijet production, are normalized using cross sections
calculated at next-to-leading order (NLO) or next-to-NLO basedon the parton distribution functions. The background
cortribution from QCD multijet production where jets are misiderti ed as leptons is estimated from the data itself
by using like-sign and nhaq events which were selectedby inverting lepton identi cation and calorimeter isolation
criteria. The samplesare normalized to the data asfunction of p; and p; at an early stageof the selectionin a region
of phasespacedominated by multijet production.

The Z= ! |l crosssectionis calculated with CTEQ6L1 PDFsas (Z= ! )= |o KQCD(QZ), with the LO
crosssection calculated by Pythia LO PDF and the Kgcp at NNLO with NLO PDF, calculated accordingto [6, 7].
The W ! is calculated with NNLO corrections and PDFs. The tt crosssectionis calculated at NNLO in [8] and

the WW, ZZ and WZ crosssectionsare calculated with MCFM v3.4.5CTEQS5L for LO and CTEQ5M (for NLO. The
uncertainties due to the PDF uncertainty is calculated in [7].

I1l.  EVENT SELECTION

Muons are selectedusing tracks in the certral tracking detector in combination with patterns of hits in the muon
detector. Muons are required to be isolated in both the calorimeter and the tracker.
A hadronically decaying tau lepton is characterized by a narrow isolated jet with low track multiplicit y. The tau
reconstruction is either seededby calorimeter energy clusters or tracks. Three tau typesare distinguished.

-type I: a single track with a calorimeter cluster without any electromagnetic subclusters (1-prong, -like).
-type Il: a single track with a calorimeter cluster and electromagnetic subclusters (1-prong, -like).
-type I11: two or three tracks with an invariant massbelow 1.1 or 1.7 GeV, respectively (3-prong).

A set of neural networks, one for each -type, is developed basedon further discriminating variables. These input
variables exploit the di erences betweenhadronically decaying tau leptons and jets in the longitudinal and transverse
shower shape as well as di erences in the isolation in the calorimeter or in the tracker. The training of the neural
network is performed using multijet events from data asthe background sampleand tau MC ewvents as signal, resulting
in a network output closeto onefor atau candidate and closeto zerofor background. For -typesl and |l hadronic tau
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candidatesare required to have neural network output greater than 0.9. Due to the large badkground contamination

-typelll is neglectedin the analysisat hand. The selectionprocedureis summarizedbrie y in Tablel. The selection
criteria have beenadapted for the various Higgs boson massesin order to maximize the signal-to-badkground ratio.
The selectionwill be justied and described more detailed in the following.

Selection criteria my = 120[my = 140[my = 160[my = 180
Cut 1 Preselection leptons from primary vertex
large tau NN

at least one SMT hit for the muon
and not matchedwith R( ; )> 0:15

Cut 2 Missing Transverse Energy E; > 20 > 20 > 20 > 20
Cut 3 E*™™ > 7 > 7 > 7 > 7
Cut 4 My (LEp) > 35 > 40 > 45 > 45
Cut 5 Sum of p; + p; + E; 50-140, 60-150 70-160 80-180
Cut 6 Invariant massM < 50 < 60 < 60 < 80
Cut 7 Hr < 70 <70 < 70 < 70
Cut 8 ;) <2 <2 <2 <2

TABLE I: Summary of the selectioncriteria for the various Higgs bosonmassesmy = 120 GeV, my = 140 GeV, my = 160 GeV
and my = 180 GeV .

The selectionrequirestwo leptons with p; > 10GeV and p; > 12GeV, high NN output and originating from the
primary vertex. They are required to match in and with a reconstructed track. To reducethe badkground from
photon cornversions,at least one hit in the silicon tracking detector (SMT) is required for the muon. For suppressing
badkground from muons, events are rejected in which the tau candidate can be matched to the muon. The signal
is characterized by two leptons, missing transversemomertum and little jet activity. Figure 1a shaows the invariant
dilepton massdistribution in data, badkground and signal at this stage of the selection. This stageis referred to as
preselection stage. Most of the QCD badkground is rejected by a selection requiremert on the missing transverse
Energy E; and the scaledmissingtransverseenergyéfca'e‘j, which is the E; divided by the E; resolution. This quartity
is particularly sensitive to events where the missing energy could be a result of mismeasuremets of jet energiesin the
transverseplane. A selectionrequiremert on the minimal transversemassbetweenone of the leptons and E; reduces
further the various badkground processes.Most of the Z= | ™ ewerts are rejected by requiring the sum of the
momertum of p; + p; + E; to be more then 70 GeV and lessthan 160 GeV and to ask for the invariant dilepton
massto belessthan M+ < 60 GeV. The tt cortribution is reducedby requiring Ht to be lower than 70 GeV. Hy is
de ned asthe scalarsum of the transversemomerta of all jets in the event. A large fraction of remaining back-to-back
Z= | ™ isreducedby requiring an opening angle betweenthe leptons of lessthan 2.0.

The selectedsignal contains two major cortributions. H! WW ! had €vents aswellasH'! WW ! e nal
stateswerethe electron is misreconstructedastau. This will be indicated by the notation H! WW ! e 1,4 in the
following. Generally the electronic events resenble the WW ! ™ badkground whereasthe shape of the distributions
of hadronic everts is closerto W + j et= badkground.

H! WW! e : (referredto as'inclusive' samplein the following)
H! WWwW! had . (referred as'exclusive' samplein the following)

After applying cuts 1-8 the remaining badkground is dominated by electroveak W + jets= production. Further
badkground reduction can not be easily achieved by cutting on one dimensional distributions. Therefore a likelihood
approach has been used by constructing two likelihoods sensitive to di erent event properties. One likelihood is
constructed using input distributions assaiated to the selectedtau and will be referred to in the following as'
Likelihood'. The secondone is based on kinematical properties of the particular event and will be referred as
'Kinematic Likelihood'. Both likelihoods are separately constructed according to formula (1), using either H !
WWw ! had OFrH! WW ! e ewens:

Q Q .
Psig (X1;X2;:11) o i Psig _ _ o ‘PISig ?PE kgd )
Psig (X1;X2;:12) + Pekga(X1;X2;::0  ~PLg + 7, Pl kga b Plig=Phyga * 1

L =

Whereas PiSig represernts the signal and nggd the badkground value for a given bin i. The value of the input
distributions for bin i are given by the variables x; . PiSig Psig (Xi) and PiSig Psig (Xi) represerts the probability
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FIG. 1: Distribution of (a) the invariant dilepton massat preselection level (b) the pr at preselection level (b) the pr at preselection
level (d) the missing transverse energy, E;, at preselection level for data (points with error bars), background simulation (histograms,
complemented with the QCD expectation) and signal expectation for my = 160 GeV (empty histogram). The various signal contributions
H! WW! e andH! WW! had are given by dashed histograms.

density functions for the topological variables. For the construction of the likelihood the following variables are
used:

EMF : Fraction of the calorimeter energy deposited in the EM subcluster.

pr + pik: Sum of the transversemomerta of the track assignedto the tau and the energy deposited in the
calorimeter

ID NN : Output of the Neural Network
E+=pr Ratio of Energy of calorimeter cluster and pt of the leading track
P prX(R( ;trk) < 0:4): Sumpr of all tracks in a Cone of 0.4 around the tau.
The secondlikelihood is basedon kinematic quantities of the evert:
pr: pr of the muon
M+t (; &) Transversemassof and E;

Mmin (*: ) Minimal transversemassof one lepton and E;

Mc = P p2 () + m2(T) + B cluster mass,approximation for the W mass.



training sample -type| my = 120 | my = 140 | my = 160 | my = 180
incl | 04< L <08 Lkin > 09 Lkin > 09andL < 0:7|Lkin > 09L > 038
incl I L < 085 L >09 Lkin > L + 1.3 Lkin > 0:9
excl. | L < 0:65 0:3< L < 085andLkin < 0:1 Lkin > 0:9 Lkin > 0:9
excl I 065< L <08/06<L < 08andLkin <08 Lkin > 0:9 Lxin > 0:9

TABLE I List of the cuts applied on the 2D likelihood planes for both likelihood training classesand both selections.

(; ): Angle between and in the transverseplane.
( ; ): Solid angle between and

Theselikelihoods are constructed for eadh Higgs boson masspoint. The resulting likelihood planesfor my = 160
GeV are displayed in Fig. 2. As last selectionrequiremert a cut on this likelihood plane is applied. This selections
have beenontimized for each samole.tau tvoe and Hiaas Mass and are listed in Table. 11.
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FIG. 2: 2 dimensional likelihood ouput for (a) -typel, and (c) -typell H! WW ! nhad events. (b) ( -typel) and (d) ( -typell)
show the output for selectedH ! WW ! e events after cut 8. W + jets= is given by the green histogram whereas red histograms
represet WW ! background. The black shaded area givesthe selected signal in the corresponding nal state. The black lines indicate

the cuts applied to the selected signal. The signal MC used in this gure is generated with an Higgs boson mass of my = 160 GeV.

In order to stay orthogonal to the correspondingH ! WW | e analysisa veto on theseeverts is applied after
all selectionrequiremerts. This veto is as well applied for the construction of the likelihoods.



TABLE 11I: Number of candidate events observed and background events expected at dieren t stages of the selection for  type |,
my = 120 GeV and my = 140 GeV. Errors are statistical only

my = 120 GeV my = 140 GeV
Cut Data Tot. Exp. Bkgd H! WW Data Tot. Exp. Bkgd H! WW
Preselection 1749.00 41.82 1719.19 33.58 0.05 1749.00 41.82 1719.19 33.58 0.15
(; ) 47.00 6.86 42.36 3.96 0.02 39.00 6.24 38.60 3.81 0.07
Final Sel. incl. 19.00 4.36 20.36 2.71 0.02 3.00 1.73 7.36 157 0.02
Final Sel. excl. 17.00 4.12 12.04 231 0.00 6.00 245 494 1.36 0.01

TABLE IV: Number of candidate events observed and background events expected at dierent stages of the selection for  type |,
my = 160 GeV and my = 180 GeV. Errors are statistical only

my = 160 GeV my = 180 GeV
Cut Data Tot. Exp. Bkgd H! WW Data Tot. Exp. Bkgd H! WW
Preselection 1749.00 41.82 1719.19 33.58 0.20 1749.00 41.82 1719.19 33.58 0.15
(; ) 30.00 5.48 21.66 2.74 0.11 31.00 5.57 2426 2.87 0.07
Final Sel. incl. 200 141 463 1.22 0.05 1.00 1.00 1.25 0.60 0.01
Final Sel. excl. 3.00 1.73 1.78 0.68 0.01 3.00 1.73 5.79 1.27 0.03

IV.  SYSTEMA TIC UNCER TAINTIES

The following sourcesof systematic uncertainties on the number of background and expected signal everts were
taken into accourt: Lepton identi cation and reconstruction e ciencies (0.3{3.6%), jet energy scale calibration in
signal and badkground events(< 2%), track momertum calibration (4%), detector modeling (1% for signal, 5-10%
for badkground), PDF uncertainties (4%), and modeling of multijet badckground (5%). The systematic error on the
luminosity on the normalization of the cross section is consenatively taken to be 10%, resulting from the NNLO
Z= 1 7 crosssection uncertainty (3.6%), the uncertainty on the QCD background (5%) and the uncertainty on
the Z peak masswindow (6%) addedin quadrature. The uncertainty to the modeling of the electroveak W + j et=
production hasbeenestimatedto be 2.5-17.5%.In total the systematic error variesbetween8.7{20.9% for badkground
and 8.9{10.1%for Signal. However, the systematic error is small comparedto the statistical error.

V. RESUL TS

Numbers of obsened candidates and badkground everts expected after application of the successie selectionsfor
my = 120, 140, 160and 180 GeV are listed in Tab. I, IV for -typel andin Tab. V, VI for -typell events. Since
after all selection cuts the remaining candidate everts are consistert with a badkground obsenation, limits on the
production crosssection times branching ratio BR(H ! WW ) are derived following the method described in
Ref. [9].

The total badkground expectation is dominated by W + jets= and di-bosonevents. The number of signal everts
are in the range of 0.0-0.41events in the nal selection.



TABLE V: Number of candidate events observed and background events expected at dieren t stages of the selection for

type I,
my = 120 GeV and my = 140 GeV. Errors are statistical only
my = 120 GeV my = 140 GeV
Cut Data Tot. Exp. Bkgd H! WW Data Tot. Exp. Bkgd H! WW
Preselection 4786.00 69.18 4737.06 47.96 0.65 4786.00 69.18 4737.06 47.96 1.96
(; ) 143.00 11.96 140.17 6.36 0.35 124.00 11.14 133.15 5.99 1.03
Final Selincl. 42.00 6.48 42.35 3.47 0.14 25.00 5.00 28.82 2.77 0.29
Final Sel. excl. 21.00 4.58 29.19 3.06 0.01 27.00 5.20 39.97 3.47 0.07
TABLE VI. Number of candidate events observed and background events expected at dierent stages of the selection for type Il,
my = 160 GeV and my = 180 GeV. Errors are statistical only
my = 160 GeV my = 180 GeV
Cut Data Tot. Exp. Bkgd H! WW Data Tot. Exp. Bkgd H! WW
Preselection 4786.00 69.18 4735.08 47.95 247 4786.00 69.18 4737.06 47.96 1.87
(; ) 98.00 9.90 101.90 5.05 1.42 108.00 10.39 11155 5.08 1.04
Final Selincl. 15.00 3.87 1411 1.76 0.27 21.00 4.58 1412 1.69 0.18
Final Sel excl. 8.00 2.83 7.08 1.37 0.05 200 141 510 1.10 0.01

Since no evidencefor production of a Standard Modell Higgs boson is obsened, upper limits on the product of

+ e can be set (Tab. VII).
A graphical represertation of the expected and obsened limits for the analyzed Higgs boson massesmy =
120, 140,160and 180 GeV is displayed in Fig. 3.

crosssection and leptonic branching fraction H !

WW !

+ hag andH !

WW I

VI.  CONCLUSIONS

A searh has been performed for the H ! WW ! *° decay signature from the assaiated production of the
Standard Model Higgs bosonin leptonic channelswith muons and taus, using data corresponding to an integrated
luminosity of 1000pb * . No evidencefor the Higgs particle is obsered and the rst upper limits using this channel

on the product of crosssection times branching ratio are set. Combined with existing H ! WW ! ™ analysis
previous limits can be improved.
my = 120 GeV muy = 140 GeV my = 160 GeV my = 180 GeV

expected obsened

expected obsered

expected obsened

expected obsened

-typel | 90.2pb 90.4pb| 68.7pb 51.7pb| 28.2pb 22.6pb| 29.4pb 20.7 pb
-typell| 14.8pb 14.8pb| 13.6pb 10.5pb| 99pb 109pb| 10.3pb 17.0pb
comb. 15.1pb 14.6pb| 13.2pb 99pb| 92pb 9.7pb| 97pb 13.0pb

TABLE VII: Final limit for the combination of all contributing channels and for my = 120, 140, 160, 180 GeV
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FIG. 3: Expected and observed limits for my = 120; 140; 160; 180 GeV. The red line represents the observed limit and the blue one the
expected limit. The error for the expected limit given by the shaded area correspondsto 1 for a C.L. of 95%.
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